decade, supports a direct detrimental impact of diabetes on skeletal health, particularly in type 1 diabetes mellitus (T1DM).
Type 1 diabetes mellitus is an autoimmune condition charac-
terized by destruction of pancreatic islet cells, leading to absolute insulin deficiency. Several mechanisms have been identified to account for skeletal fragility in T1DM 2 and deficits in bone mineral density (BMD), 3, 4 bone geometry, 5 bone microarchitecture 6 and biomechanical properties 7, 8 have been identified in humans and animal models of T1DM. 9 Previous meta-analyses 3, [10] [11] [12] have demonstrated a four-to sevenfold increased risk of hip fracture in T1DM compared to controls; however, significant heterogeneity exists across study cohorts, with one meta-analysis including studies of children 10 and others incorporating predominantly older study cohorts. 3, 12 Fractures in children are frequent, compared to young and middle-aged adults; this can largely be attributed to a combination of reduced bone mass and size, physical activity and trauma, 13 rather than true skeletal fragility. Furthermore, peak bone mass is accrued in adolescence 14 and completed by the third decade of life. Hence, fracture risk in children who have yet to achieve maximal growth and bone mass cannot be extrapolated to adults. Conversely, in studies of older adults, potential age-related confounders for bone fragility and falls, such as menopause and sarcopenia, can overestimate the true fracture risk in T1DM.
Type 1 diabetes mellitus disproportionately affects children
and young adults, with the peak incidence spanning from birth to 14 years of age. 15 Individuals with juvenile-onset T1DM are consequently exposed to disease for a longer duration throughout their lifetime and may be at risk of developing diabetes-related complications earlier in life. In the largest UK-based prospective cohort study of over 30 000 individuals with T1DM and over 300 000
non-diabetic controls, Weber at al 14 demonstrated that individuals with T1DM had an increased risk of incident fracture across all ages, from birth to age 89 years, as well as a predilection for lower extremity fractures. Similarly, in a population-based study from Scotland, Hothersall et al 16 reported substantially higher hip fracture risks in men and women with T1DM across the ages of 20-49 years, compared to age-matched controls. Thus, the findings from large cohort studies support the notion that young to middle-aged adults with T1DM are equally vulnerable to fracture as their older, postmenopausal counterparts.
While T1DM is recognized as an established risk factor for osteoporosis and fracture, the recommendations for bone health assessment in this cohort is still unclear. Bone health screening programs are commonly targeted at older populations, given the low absolute numbers of osteoporotic fracture in young adults. In the light of mounting evidence for increased skeletal fragility in young adults with T1DM, we undertook a systematic review and meta-analysis dedicated to evaluating fracture risk in a younger adult cohort, with the aims of addressing the following questions:
1.
What is the risk of overall fracture in young to middle-aged adults (aged 18-50 years) with T1DM, compared to controls?
2.
What is the risk of hip fracture in young to middle-aged adults with T1DM?
3. Is fracture risk in T1DM different between sexes?
| ME THODS
This systematic review and meta-analysis was performed in accordance with the PRISMA statement. 17 The protocol has been registered with PROSPERO (CRD42017077850) and is available at https://www.crd.york.ac.uk/PROSPERO/display_record.php?
RecordID=77850.
| Search strategy
We conducted a systematic search in several databases including
Ovid MEDLINE, PubMed, EMBASE, all EBM reviews from 1980 to present (28 November 2017).
Abstracts from annual scientific meetings of the American Society All aforementioned databases were searched for keywords including:
"Type 1 diabet*" OR "Type I diabet*" OR "T1DM" OR "TIDM" OR "insulin dependent diabet*" AND "fracture" OR "bone" OR "bone mineral*"
OR "osteoporo*" OR "osteopaeni*" OR "osteopeni*"
The literature search was limited to studies carried out in humans and published in English.
| Study selection
Study selection was performed by two independent reviewers (EPT and MH). Only studies published in English were screened.
Abstracts were assessed if the study fulfilled the inclusion criteria of: (i) cases as adults aged 18 years and above with established type 1 diabetes mellitus and controls as non-diabetic subjects;
(ii) criteria for classifying individuals with T1DM was clearly defined; (iii) fracture rates were reported. Studies were excluded if cases also included individuals with type 2 diabetes mellitus, and outcomes were not differentiated by diabetes type, or if no control group was included. Studies comprising post-transplant individuals were also excluded. Fractures occurring at sites other than that considered to be typical of major osteoporotic fractures, such as those of the skull, facial, metacarpals, metatarsals, fingers or toes, were excluded. Full texts of all eligible studies were reviewed and consensus achieved between the two reviewers. Disagreements were resolved with face-to-face discussion or adjudication by the senior author.
| Data extraction
Information from included studies comprised of: name of first author, publication year, country of origin, study design, study popu- 
| Risk of bias assessment
Methodological quality, as determined by bias analysis, was assessed by two independent reviewers (EPT and MH) using criteria estab- Studies were assessed on individual criteria relating to external validity (methodology, inclusion/exclusion criteria, and appropriateness of measured outcomes) and internal validity (selection, attrition, detection and reporting bias and confounders).
Studies that fulfilled all, most or few criteria were deemed to have low, moderate and high levels of bias, respectively. Only studies of low-to-moderate bias were included. 
| Statistical methods

| RE SULTS
| Study selection
After excluding duplicate records, a total of 2901 publications and conference abstracts were identified in the screening search. A total of 2178 articles were excluded based on title, and a further 119 articles excluded based on abstracts. Twelve studies met eligibility criteria to be included in the qualitative analysis, after full-text review of 21 studies. Corresponding authors of individual studies were contacted by electronic-mail to obtain secondary data analyses of fracture outcomes for the prespecified age range. All authors were contacted a second time if a response had not been received after 4 weeks. Of the 12 studies that met criteria, 6 studies were included in the quantitative analysis ( Figure 1 ).
| Study characteristics
Characteristics of the selected studies are described in Table 1 .
Of the six studies included, two were cohort studies, 14, 16 one was a case-control study 19 and three were cross-sectional studies.
20-22
The two largest studies were cohort studies by Weber et al 14 and
Hothersall et al 16 
International Statistical Classification of Diseases and Related Health
Problems (ICD) codings or discharge codes in two cohort studies, 14, 19 and from hospital admission data in one study. 16 Fractures were selfreported in the two small studies, 21, 22 with further confirmation of fracture in Danielson et al. 21 Classification of individuals with T1DM
was clearly defined in all studies. Two studies 20, 22 were conducted in women only and were included in the analysis despite having participants of a slightly higher age range of participants, up to 55 years, with the justification that only premenopausal or eugonadal women, with no other secondary cause of osteoporosis, were recruited. All studies were population or registry based with the exception of one study, which recruited from a hospital outpatient setting. Overall, the six included studies were heterogenous in terms of study population, classification of T1DM and methodology.
| Risk of bias across studies
The studies by Vestergaard relied on clinically detected fractures as outcomes. In the light of significant study heterogeneity, we performed sensitivity analyses, excluding outliers and including only higher quality studies (Table 2 ). were also performed to compare RRs for overall and hip fracture, respectively, between sexes, and no significant differences were found ( Table 2) .
| Synthesis of results
Sensitivity analyses were performed as previously described and presented in Table 2 . The RR for any fracture was 1.53
(95% CI 1.47-1.61, P < .001, I 2 = 0%) and 2.25 (95% CI 1.61-3.14, P < .001, I 2 = 94%), after the exclusion of outliers and lower quality studies, respectively. There was no funnel plot asymmetry for T1DM and fracture risk. P-values of .37 and .85 were obtained for Egger's regression asymmetry test and Begg's adjusted rank correlation test, respectively, indicating a low probability of publication bias. shorter bones in adulthood, which could portend less favourable bone geometry to resist fracture. 27 Only a few studies have eval- Age were able to demonstrate significantly reduced cortical volumetric bone mineral density (vBMD) and a higher buckling ratio, a marker of cortical instability, in the intertrochanteric region of young to middle-aged males with T1DM compared to controls. TA B L E 2 Subgroup and sensitivity analyses fracture at sites composed of cortical bone predominantly, such as the femoral neck. In a larger cross-sectional study of middle-aged adult patients with T1DM, Verroken et al found that those with T1DM exhibited cortical bone size deficits at the radial shaft on peripheral quantitative computed tomography (pQCT). These findings were more pronounced at the endosteal envelope, and in association with the finding of lower bone marrow density, are suggestive of a potential role of increased marrow adiposity in the pathogenesis of cortical bone deficits in T1DM.
| D ISCUSS I ON
30
Microangiopathy may also serve as a mechanism by which T1DM exerts its effects on bone microstructure. 31 To our knowledge, this is the first meta-analysis of fracture risk specifically targeted at young to middle-aged adults with T1DM, with application of strict selection criteria to reduce heterogeneity and confounding due to age-related factors. We included the two largest cohort studies to date, 14, 16 comprising over 34 000 individuals with T1DM, and our findings for hip fracture risk are consistent with previous meta-analyses and cohort studies.
| CON CLUS IONS
In a young to middle-aged cohort of type 1 diabetes mellitus (T1DM),
we show that hip fracture risk is comparable to previously reported relative risks (RRs) of between 4 and 6, albeit in predominantly older adult study populations. 3, 11, 12 Young adults with T1DM may be at risk of fracture at a younger age compared to their nondiabetic counterparts. The impact of a hip fracture in a young adult is potentially devastating, with ramifications of physical and psychological morbidity, in addition to increased mortality. Although T1DM is widely acknowledged as a risk factor for secondary osteoporosis and fracture, there is no consensus on the timing and modality of bone health assessment in this cohort. However, we show that young adults with Register.
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